SUMMARY Echo Doppler examination purports to localize the origin of flow disturbances within the heart or great vessels. During our investigations of echo Doppler, frequency dispersions found in the transverse aortic arch, ascending aorta or right pulmonary artery that should indicate flow disturbances in those areas occurred in a set of lesions that did not involve the expected cardiac anatomic abnormalities. To learn the range of this false-positive problem, we reviewed all of our documented cases in which an echo Doppler had been obtained (n = 127). Our results indicate that 48% of our patients who had right pulmonary artery disturbances had additional flow disturbances detected in the ascending aorta or transverse aortic arch despite the fact that cardiac catheterization in these patients indicated absence of an anatomic abnormality in the left side of the heart. These false positives had the highest incidence of occurrence in patients who had high left cardiac output, but this also occurred in four instances in which the only cardiac lesion was pulmonary stenosis. The latter is thought to be due to an induced flow disturbance. We also found two patients whose only lesion was aortic stenosis, but these patients had secondary flow disturbance in the pulmonary artery; these two instances probably represent a flow disturbance induced from the aorta to the pulmonary artery. Knowledge of this set of false-positive results is important for proper interpretation of echo Doppler examinations.
RANGE-GATED pulsed Doppler echocardiography presently allows determination of red-cell velocity and direction in cardiac chambers and great vessels that can be imaged by M-mode techniques.1 Flow direction with respect to the transducer and differentiation of laminar and disturbed flow has been studied.2 7 Flow disturbances are detected by showing that the returning Doppler signal contains a dispersion of the Doppler shift frequency analysis.1 [4] [5] [6] [7] The frequency dispersion occurs because a flow disturbance causes red cells to move simultaneously in different directions and at different velocities, whereas, in laminar flow, cells normally move at approximately the same velocity and in the same direction and inscribe a smooth curve. Flow disturbances occur just distal to the point of circulatory obstruction for antegrade flow and proximal to the obstruction site for retrograde flow. Two examples will illustrate these principles. A flow disturbance initially detected distal to the aortic valve strongly suggests that the cause of the flow disturbance is related to that valve. This represents the antegrade case. However, for mitral insufficiency, the regurgitant jet is detected retrogradely with respect to normal circulation. Accordingly, the frequency dispersion would be found in the left atrium, which is the chamber proximal to the mitral valve. Similar logic has allowed localization of flow disturbances that result from atrial4 and ventricular septal defects,3 pulmonary stenosis5' 6 and patent ductus arteriosus. 7 Results have indicated that use of range-gated pulsed Doppler is effective in localizing cardiac lesions that produce flow disturbances.
Early in our investigation of the clinical utility of range-gated pulsed Doppler,6' we became aware that flow disturbances found in the aortic root and transverse aortic arch did not always originate in the left heart or its outflow tract, but rather were related to flow disturbances elsewhere. The purpose of the present investigation was to determine the range of cardiac lesions that produced flow disturbances in the aortic root and transverse aortic arch. In addition to left ventricular outflow tract obstructions, lesions that produce flow disturbances in the right ventricular outflow tract cause flow disturbances that can be localized within the aortic root and transverse aortic arch, as well as the primary site. This "induction" effect appears to be due to the close physical coupling of the two outflow areas and is most commonly, but not exclusively, found in patients with high left cardiac output. This possibility of a false-positive diagnosis must be recognized to permit more accurate interpretation of echo Doppler tracings.
Methods
Our population for investigation consisted of all children who 1) had satisfactory echo Doppler tracings recorded at Sophia Children's Hospital at Rotterdam, or at the University of Arizona Hospital, and 2) had positive confirmation of the status of the left ventricle, the left ventricular outflow tract, aortic valve, and aorta by cardiac catheterization. For infants and children with patent ductus arteriosus, confirmation was also permitted by operation if they had no positive physical findings of other cardiac lesions postoperatively. Normal, healthy subjects with no murmurs or history of heart disease served as controls.
Echo Doppler studies were conducted as detailed elsewhere. 4 disturbance, but cardiac catheterization failed to demonstrate a pressure gradient or a cineangiographic pulmonary outflow tract abnormality. These instances represented false positives for right ventricular outflow disturbance. Patient 11 also had a right ventricular outflow tract, main and right pulmonary artery flow disturbance, but a pressure gradient of 20 mm Hg was found at the right ventricular infundibular level as a consequence of the idiopathic hypertrophic subaortic stenosis.
Ventricular Septal Defect (table 3) Seventeen children had adequate records. Seven had a flow disturbance in the right pulmonary artery and two of these had a flow disturbance detected in the aortic root and transverse aortic arch. The cardiac catheterization in these two children failed to show a defect that would be expected to cause a left cardiac flow disturbance.
Patent Ductus Arteriosus (table 4) Eleven children with confirmed diagnoses were studied. All eleven had a flow disturbance in the right pulmonary artery. Of these 11, nine also had flow disturbances in the transverse aortic arch and seven of those nine had flow disturbances K.. the aortic root. Figure 3 shows an example of transverse aortic arch flow disturbance in a member of this group. The two children who had no flow disturbance in either section of the aorta were not recognizably different from other members of the group. Further, they did not have small shunts or pulmonary vascular obstructive disease.
Tetralogy of Fallot ( 12 children, it was not possible to find or record an adequate Doppler signal in the right pulmonary artery. In all of the other seven, a flow disturbance was uniformly found in the right pulmonary artery. Of those with no prior operation, three had flow disturbances in the transverse aortic arch and three had flow disturbances in the aortic root. However, all four had one of these two disturbances noted. Of those with systemic-to-pulmonary artery shunts, all but one had figure 4 .
Pulmonary Stenosis (table 6) Eighteen children with pulmonary stenosis were evaluated. All eighteen had a flow disturbance distal to the pulmonary valve, but in two, it was found in the main pulmonary artery and not in the right pulmonary artery. Four had flow disturbances in the aorta. Three showed a flow disturbance in the aortic root ( fig. 5) A trial Septal Defect (table 7) Sixteen children with atrial septal defect were included. Seven had a right pulmonary artery flow disturbance and one of these had a flow disturbance in the transverse aortic arch. None of these children had a left cardiac lesion. (table 9) Eleven children had multiple defects or others not previously categorized. Five of these had a flow disturbance in the great vessels. Patients 3 and 11 had aortic valvular stenosis to account for aortic root and transverse aortic arch abnormalities. Patient 3 had a ventricular septal defect that could account for the right pulmonary artery flow disturbance. The flow disturbances found in patients 1, 2 and 4 could be expected on the basis of the lesions. Twenty-three of 48 children (48%) with right pulmonary artery flow disturbances (exclusive of those with aortic stenosis and complex lesions) had secondary flow disturbances in the aortic root or transverse aoTtic arch. The probability of detection of a disturbance in the aortic root or transverse aortic arch was much higher if aortic flow was high, as in children with patent ductus arteriosus (82%) or tetralogy of Fallot (89%), than in those with isolated pulmonary stenosis (22%) or atrial (7%) or ventricular septal defects (12%). When no right pulmonary artery disturbance was found in patients without left-sided obstructions, aortic root and transverse aortic arch disturbances were virtually absent. The only exception was a single, nontypical, short disturbance found in an apparently normal subject.
Right Pulmonary Artery Flow Disturbance as a Function of Transverse Aortic Arch Disturbance Two patients (13%) with aortic outflow obstruction (one supravalvular and one subvalvular) had classic flow disturbances in the right pulmonary artery, though no obstruction could be found in the rightsided circulation by cardiac catheterization. No normal subject had disturbed flow in the right pulmonary artery.
Discussion
In most circumstances, Doppler echocardiography can detect and localize flow disturbances. Various cardiac lesions have been investigated and results indicate that detection of a flow disturbance could be related to some anatomic abnormality very close to the site where the flow disturbance originated.2`7 However, once flow is disturbed, it will remain disturbed until flow stops as a result of the cardiac cycle or until the energy of disturbance has been dissipated by rheologic factors. No attention has been devoted to the possibility that a flow disturbance in one location can cause a secondary disturbance in a location that is not in circulatory continuity. This possibility was first considered when we noted that a number of children with patent ductus arteriosus and tetralogy of Fallot had aortic flow disturbances.7 After operation, these disturbances disappeared. It seemed possible that this flow disturbance in the aortic root and transverse aortic arch might have result.d from high blood flow secondary to the ductus arteriosus or the right-to-left shunt in tetralogy patients. However, it soon became apparent that this phenomenon also occurred, although less commonly, in situations that were not associated with high aortic blood flows. Clinical situations that would not be expected to alter aortic blood flow, such as pulmonary valvular stenosis, were at times accompanied by flow disturbances in the aorta in subjects with no anatomic abnormality detected by cardiac catheterization. 6 The possibility that a flow disturbance can be induced from one great vessel to another was also suggested by physical examination findings. It is well established that a patient with pulmonary stenosis can have a suprasternal notch thrill.8 That thrill may be palpated through the transverse aortic arch. Accordingly, it is reasonable to expect flow to be disturbed by passage of the energy of the flow disturbance from the right pulmonary artery through the transverse aortic arch.
In the present study, all instances of false-positive appearances of a flow disturbance in the aortic root or transverse aortic arch occurred in patients with flow disturbances in the pulmonary artery. However, only 48% of patients with pulmonary artery flow disturbances had additional disturbances in the aorta. Because echo Doppler is presently a qualitative tool, we cannot determine whether ectopic appearance of the disturbance is a function of the magnitude of the disturbance at its origin or whether it occurred for another reason. The magnitude of the dispersion in the pulmonary artery may appear larger or smaller, depending upon the intercept angle of the Doppler beam with the flow direction. The closer flow is to a Doppler intercept angle of 1800, the greater the amplitude of recorded flow and the more apparent a flow disturbance. Since the range-gate location is determined from an M-mode rather than a cross-sectional image, the angle remains unknown. This lack of angular information makes a relationship between frequency dispersion and magnitude of flow disturbance totally qualitative.
Whether the appearance of flow disturbance in unexpected locations is artifactual deserves comment. We use "artifact" to indicate an apparent finding that does not really exist. We doubt that the appearance of a flow disturbance in a vessel mechanically coupled to another that has a reason for a flow disturbance is artifactual. The unsuspected flow disturbance in the mechanically coupled great vessel is probably real. Further, the disturbance is probably of appreciable magnitude because our detection system was intentionally made insensitive to small disturbances. We have used the term "induction" to describe this process. This is an attempt to analogize the electrical event that allows some energy in one system to be transferred to a closely coupled second system. Although we do not mean to imply that the principles CIRCULATION and mathematics of the two situations are similar, certain similarities exist.
The results of this investigation are valid only for the instrument adjusted as indicated above. The manufacturer recommends analyzing with threshold setting much closer to the noise level. These recommendations were not based on clinical trials, but rather resulted from engineering speculation. Although the manufacturer's recommendation increases the theoretical sensitivity of the instrument, avoidance of noise analysis constitutes a major problem. Frequency dispersions are commonly recorded in many areas when the machine is adjusted according to the manufacturer's suggestion, and these dispersions probably represent noise analysis, detection of minor flow profile alterations or minor flow disturbances. Analysis of only large Doppler shifts by the highthreshold technique rarely shows frequency dispersions in the absence of very high flow or anatomic abnormality. Minor anatomic abnormalities may be missed, but this investigation and others performed in a similar manner4-6 demonstrate that few significant obstructions go undetected.
This investigation also demonstrated that rangegated, pulsed Doppler detection of patients with confirmed aortic stenosis is reliable, as all were detected by dispersions of the frequency analysis obtained from a site in the aortic root and/or the transverse aortic arch. However, one normal had a definite but short systolic dispersion. Further, the origin of the flow disturbance was missed in one patient with a subaortic diaphragm. Patients with aortic stenosis had dispersion lasting all or nearly all of systole. This investigation also showed that an aortic flow disturbance cannot be relied upon to indicate an obstruction in the left ventricular outflow tract unless no flow disturbance is found in the pulmonary artery.
We also found two instances in which flow disturbances in the aorta may have induced a secondary disturbance in the pulmonary artery. However, a causeand-effect relationship cannot be concluded from two cases. Nonetheless, the apparent possibility of induced disturbances makes interpretation of echo Doppler studies more complex and could, in occasional instances, reduce reliability.
We conclude that range-gated, pulsed Doppler allows relatively reliable detection of flow disturbances created by obstructions in the left ventricular outflow tract. However, false positives occur as a result of excessive aortic valve flow or flow disturbances in the right ventricular outflow tract. The disturbance in the right ventricular outflow tract, particularly when accompanied by increased aortic valve flow, appears to cause a secondary disturbance in the aortic root and transverse aortic arch. Part of this disturbance may be an induction effect. Caution is required in interpreting range-gated, pulsed Doppler findings in the aorta. Quantitation of flow by combining Doppler with two-dimensional echocardiography may be more difficult than expected in patients with cardiac disease. Quantitation requires laminar flow, and laminar flow may not be present in some persons because of induced disturbances, persistence of flow disturbances beyond the site of origin and the disturbance caused by high flows.
